The cyclin-dependent kinase inhibitor protein, p27 Kip1 , is necessary for the timing of cell cycle withdrawal that precedes terminal differentiation in oligodendrocytes of the optic nerve. Although p27
INTRODUCTION
Most of the neurons and glia in the mammalian central nervous system are generated over a defined period of development. To ensure that sufficient numbers of progeny are generated during histogenesis, the balance between proliferation and differentiation must be tightly regulated. Similarly, the termination of proliferation at the end of histogenesis must also be regulated so as not to generate too many progeny. Therefore, the regulation of cell cycle withdrawal in the central nervous system (CNS) is a critical factor for normal histogenesis.
Little is known about the mechanisms of cell cycle withdrawal in the developing CNS. However, recent studies suggest that the cyclin-dependent kinase (CDK) inhibitor protein p27
Kip1 may have an important function in this process. p27
Kip1 is expressed in several CNS tissues (Lee et al., 1996; van Lookeren Campagne and Gill, 1998; Watanabe et al., 1998) , and knockout mice display hyperplasia in many tissues that undergo postnatal growth (Fero et al., 1996; Kiyokawa et al., 1996; Nakayama et al., 1996) . In neural tissue, the most detailed analysis of p27 Kip1 has been done in O2-A progenitor cells, a lineage-restricted precursor population that gives rise to the oligodendrocytes of the optic nerve (reviewed in Conlon and Raff, 1999; Edlund and Jessell, 1999) . Isolated O2-A progenitors grown in vitro undergo a predetermined period of proliferation before they withdraw from the cell cycle and differentiate. Accumulation of p27
Kip1 protein in these cells coincides with cell cycle arrest at the onset of differentiation (Durand et al., 1997; Friessen et al., 1997; Tikoo et al., 1997) , and forced overexpression of p27
Kip1 blocks proliferation (Tikoo et al., 1998) . Furthermore, p27
Kip1 -deficient O2-A progenitors undergo extra cell divisions in vivo Durand et al., 1998) , demonstrating that p27
Kip1 is an important component of the timing mechanism of cell cycle withdrawal in the generation of glia.
While these studies have convincingly demonstrated the function of p27
Kip1 in cell cycle withdrawal in glial progenitors, there is no direct evidence that neurogenesis in the CNS is regulated by a similar molecular mechanism. To address this, we have examined the expression and function of this gene in the developing retina during the period when multipotent progenitor cells are generating both neurons and glia in this region of the CNS.
We found that p27 Kip1 is expressed in retinal cells as they exit the cell cycle and for a few days thereafter. p27
Kip1 is also expressed in Mü ller glial cells after cell cycle withdrawal and in adult animals. When p27
Kip1 is overexpressed, it inhibits proliferation of the retinal progenitor cells in vitro, and the histogenesis of photoreceptors and Mü ller glia is extended in the retina of p27
Kip1 -deficient mice. These data are consistent with the model that p27
Kip1 plays a key role in regulating the overall duration or number of cell divisions of the multipotent progenitor cells in the CNS.
MATERIALS AND METHODS

Tissue Isolation
Embryonic and postnatal animals were obtained from timed pregnant Sprague-Dawley rats (Simonsen Laboratories, Gilroy, CA). Neural retina tissue was dissected away from surrounding ocular tissues in Hanks' buffered saline solution (HBSS) containing Hepes. For immunohistochemistry, the tissue was fixed in cold 4% paraformaldehyde (PFA) in phosphate-buffered saline (pH 7.5; PBS) for 90 min to 2 h. The tissue was subsequently cryoprotected in 20% sucrose in PBS and frozen in OCT (Sakura Finetek, Torrance, CA). Twelve-micrometer cryosections were used for all immunohistochemical studies.
(clone 57; Transduction Laboratories, Lexington, KY), (xi) mouse monoclonal anti-proliferating cell nuclear antigen (PCNA; clone PC10; Dako, Glostrup, Denmark), (xii) protein A-purified rabbit anti-phosphohistone H3 (Upstate Biotechnology, Lake Placid, NY), (xiii) affinity-purified rabbit anti-recoverin (Dr. J. Hurley, University of Washington, Seattle). Each antibody was used at an appropriate dilution in 2-5% normal goat serum, 0.15-0.3% Triton X-100, 1ϫ PBS, and 0.02% sodium azide. Primary antibodies were incubated on cryosections or on glass coverslip cultures either for 2 h at room temperature or overnight at 4°C. Primary antibodies were followed with species-specific secondary antibodies conjugated to FITC, rhodamine, or Cy-3. To visualize all cell nuclei, 4,6-diamidino-2-phenylindole (DAPI) was diluted to 0.5 g/ml in H 2 O and added for 5 min at room temperature. Stained cultures and sections were analyzed by epifluorescent illumination on a Nikon Microphot-SA microscope or on a Bio-Rad MRC 600 confocal microscope. Images were either digitally captured or photographed onto Kodak Ektachrome 400-slide film.
To address the specificity of the p27 Kip1 antibody, retinal sections from postnatal day (P) 15 mice that were hemizygous or deficient for p27
Kip1 were incubated with the p27 Kip1 antibody. Detection of positive immunoreactivity was observed only in wild-type Mü ller glia nuclei (Figs. 2G and 2H) . Residual staining in the p27
Kip1 -deficient retina (Fig. 2H ) is due to secondary antibody crossreactivity to endothelial cells and is not specific for p27 Kip1 .
Cell Culture
Dissected retinal tissue from embryonic day (E) 21 rat embryos was dissociated by incubation in HBSS (without Ca 2ϩ and Mg 2ϩ ) containing 0.025% trypsin for 10 min at 37°C. Trypsin digestion was stopped by addition of 10% fetal bovine serum (FBS; Life Technologies-BRL, Grand Island, NY) and cells were pelleted and resuspended into a single-cell suspension by mild trituration in growth medium (see below). Cells were plated onto poly-D-lysine-(Sigma, St. Louis, MO) and Matri-Gel-(Becton-Dickinson, Bedford, MA) coated glass coverslips in a 24-well plate at an initial density between 5 and 7 ϫ 10 5 cells/well. The growth medium contained DMEM/F12 (without glutamate or aspartate), 25 g/ml insulin, 100 g/ml transferrin, 60 M putrescine, 30 nM selenium, 20 nM progesterone, 100 U/ml penicillin, 100 g/ml streptomycin, 50 mM Hepes, and 1% FBS. All cultures were grown for 2 days in vitro (DIV) with 10 ng/ml recombinant human epidermal growth factor (EGF; Collaborative Research, Bedford, MA) with a 25% medium change containing fresh EGF at 1 DIV. At 48 h, all cultures were washed in medium without EGF. Subsequently, half of the cultures were fed medium containing 10 ng/ml EGF and the other half were fed medium lacking EGF. The cultures were grown for an additional 24 h, fixed with 4% PFA, and processed for immunohistochemistry. For a subset of cultures, 30 M BrdU was added for the final 2 h, just prior to fixation. All cultures were maintained at 37°C in 5% CO 2 .
Quantification of cell numbers. Two counting methods were used: (i) percentage total cells and (ii) cells per field. For data scored as percentage total cells, coverslips were scanned for fields containing cell densities that were quantifiable by scoring DAPI-stained nuclei (field area 0.058 mm 2 ; mean cell density 3.5 ϫ 10 3 cells/ mm 2 ). These fields were then scored for immunoreactive cells with the antibodies noted in Tables 1 and 2 . The percentage of total cells is expressed as the number of immunoreactive cells divided by the number of DAPI-positive nuclei multiplied by a factor of 100. For less abundant cell populations in which percentage total cells could not be measured accurately (phosphohistone H3 and recoverin), data were scored as cells per field using a large field area (0.363 mm 2 ). In this case, a minimum of six random fields per sample were scored for immunoreactive cells. All values shown in Tables  1 and 2 are the means Ϯ SEM. Statistical significance of the difference between conditions (presence or absence of EGF for the last 24 h of the culture period) was determined by unpaired t test using Statview 4.5.1 (Abacus Concepts, Berkeley, CA).
Transfection
Dissociated retinal cells were pooled from a litter of E21 embryos from the same mating. These cells were grown on Matri-Gelcoated coverslips in growth medium containing 10 ng/ml EGF and 1% FBS (initial plating density: 5-7 ϫ 10 5 cells/well). When cultures were 80 -100% confluent (2 DIV), cells were transfected by particle-mediated gene transfer using the PDS-1000 (Bio-Rad, Hercules, CA). The specific parameters of transfection were as follows: 1100 psi rupture disk, chamber pressure set at 15 in. Hg, coverslips set at 1 cm off epicenter, and the tissue support tray set at 4 cm from the macrocarrier disk. DNA was precipitated onto 1.6-m Au particles following the manufacturer's instructions (Bio-Rad). The constructs used were pGFP zeo , which contains eGFP driven by the CMV immediate early promoter (D. Underhill, University of Washington, Seattle), and pCS2 ϩ Kip1, which contains the murine p27
Kip1 coding sequence fused to the Myc-epitope tag and driven by the CMV immediate early promoter in the plasmid backbone pCS2ϩ (plasmid backbone provided by Dr. D. Turner, University of Michigan, Ann Arbor). Immediately following the transfection, coverslip cultures were placed into fresh medium containing 10 ng/ml EGF and 30 M BrdU. Cultures were fixed either 6 or 24 h following transfection with 4% PFA and processed for immunohistochemistry. Quantification of cell numbers. Coverslips were scanned for GFP-positive cells. Each GFP-positive cell was then analyzed for the presence or absence of BrdU immunoreactivity in the nucleus, and the data are expressed as the percentage of GFP-positive cells that are BrdU positive. A sampling (n) was an individual coverslip. At the 6-h time point, n ϭ 4 for both conditions. At the 24-h time point, n ϭ 7 for the pGFP zeo transfection and n ϭ 8 for the pGFP zeo and pCS2 ϩ Kip1 cotransfection. Values are the means for each condition and error bars correspond to SEM. Statistical significance of the differences between conditions was determined by ANOVA post hoc tests (i.e., Bonnferoni/Dunn) in Statview 4.5.1.
In Vivo Analysis in Mice
BrdU incorporation. BrdU was administered by subcutaneous injection at 30 mg/kg body weight in p27
Kip1 littermates. Animals sacrificed at P11 and P21 were injected once on P7, twice per day on P8 and P9, and once on P10. Adult animals (approximate age of 4 months) were injected using the same regimen of six injections for 4 days. Twenty-four hours after the last injection, the adult mice were sacrificed. The retinas were dissected away from other ocular tissues and fixed in 4% PFA. Following fixation, the tissue was either stored in PBS containing 0.1% sodium azide or immediately cryoprotected in 20% sucrose and frozen in OCT. Subsequent immunohistochemical analyses were done on 12-m radial cryosections. Animals were genotyped for the p27
Kip1 by genomic DNA PCR (Fero et al., 1996) .
Quantification of cell types. (i) Retinas from two litters of P15 pups produced from matings of p27
Kip1 hemizygous parents were dissociated into single-cell suspensions and plated onto poly-Dlysine coverslips. After 1 h, cells were fixed in 4% PFA and processed for immunohistochemistry. To determine cell-type ratios, total cell numbers were counted by DAPI fluorescence followed by the quantitation of specific immunoreactive cells in the same fields. The sums of the sampled fields were calculated for each retina, and the data in Fig. 10A are shown as the means of the percentage of total cell number for the retinas analyzed (ϮSEM). The means of the total cell numbers analyzed per retina and the numbers (n) of retinas analyzed per genotype are as follows: CRALBP, mean 1185, n ϭ 6 (ϩ/Ϫ) and 3 (Ϫ/Ϫ); Tuj1, mean 779, n ϭ 5 (ϩ/Ϫ) and 4 (ϩ/Ϫ); recoverin, mean 398, n ϭ 6 (ϩ/Ϫ) and 5 (Ϫ/Ϫ).
(ii) To determine the numbers of cells per unit area, sections from two p27
Kip1 -hemizygous and two p27 Kip1 -deficient retinas (one per litter) were analyzed. These data are shown in Fig. 10B as the means (ϮSEM) of the number of cells per 1600 m 2 . For this analysis, each field was counted as an individual sampling. For CRALBP, n ϭ 12 (ϩ/Ϫ) and 14 (Ϫ/Ϫ); Chx10, n ϭ 15 (ϩ/Ϫ) and 13 (Ϫ/Ϫ); Brn3.0, n ϭ 12 (ϩ/Ϫ) and 13 (Ϫ/Ϫ).
RESULTS
Expression of p27
Kip1 during Retinal Development
In the rodent retina, histogenesis occurs during a period extending from approximately E12 to P7 (Reh, 1991; Sidman, 1961; Young, 1985a,b) . Although the exact intervals of cell-type-specific histogenesis are slightly different between rats and mice, the relative order is conserved. Ganglion cells, cone photoreceptors, and horizontal cells are the earliest born cell types. Amacrine cells and rod photoreceptors are born next in an interval that includes the embryonic and postnatal periods, and bipolar cells and Mü ller glia are almost exclusively born postnatally.
At E13, p27 Kip1 was expressed in a subset of cells in the central retina (Figs. 1A and 1B) . By their positions at the vitreal surface, these first p27
Kip1 -immunoreactive cells are likely to be the earliest born ganglion cells. Some ganglion cells may express p27
Kip1 before they reach the inner retina, since positive cells were observed in the progenitor zone (Fig. 1B, arrowhead) , but oriented in the direction of the p27
Kip1 -positive cells already present at the vitreal surface (Fig. 1B, arrow) . At E18, p27
Kip1 immunoreactivity in the ganglion cell layer extends to the retinal periphery (Fig. 1C) . At E21, cells in the ganglion cell layer (GCL) still express high levels of p27 Kip1 (Fig. 1D, *) , and two additional domains of p27 Kip1 expression were also present: (i) immediately adjacent to the GCL in the newly forming amacrine cell layer (Fig. 1D , **) and (ii) a broad layer of cells in the outer retina (Fig. 1D , ***). We compared the pattern of p27 Kip1 immunoreactivity to three markers of differentiated cells that are present at this stage of development: (i) recoverin, a Ca 2ϩ binding protein expressed in photoreceptors; (ii) CRABP, which is expressed in amacrine cells in the inner nuclear layer (INL) and GCL; and (iii) Brn3.0, a POU-domain transcription factor expressed in ganglion cells. Figure 1E shows that the cumulative expression pattern of all three markers is nearly identical to that of p27 Kip1 . We also examined the expression pattern of cyclin D1, a protein expressed in proliferating progenitors. The pattern of cyclin D1 (Fig. 1F ) is complementary to that of p27 Kip1 ( Fig. 1D) and that of differentiated cell types (Fig. 1E ). These data indicate that p27
Kip1 is predominantly expressed in postmitotic cells.
If p27 was used by cells to exit the cell cycle at the onset of differentiation, then at least a subset of progenitors should express p27 in the proliferative zone and/or at the ventricular surface. Two observations suggest that this is the case. First, there are p27-positive cells interspersed in the proliferative zone at E21 (compare Figs. 1D and 1F) . These cells could be progenitors or, alternatively, newly postmitotic cells migrating to the inner retina, similar to what was observed at E13 (Fig. 1B, arrowhead) . Second, we double labeled E21 retinal sections with anti-phosphohistone H3, which specifically labels progenitors at the ventricular surface, and anti-p27. We found that the majority of the phosphohistone H3-positive cells were negative for p27. However, we did observe some double-labeled cells, suggesting that a subset of cells at the ventricular surface may be progenitors in their last cell cycle (data not shown). These observations further support the finding that p27 expression correlates with the generation of the retinal cell types. Furthermore, progenitor cells may upregulate p27 expression in their last cell cycle to become postmitotic at the start of differentiation.
During postnatal histogenesis, p27 Kip1 expression is dynamic. At P3 ( Fig. 2A) , expression is similar to that observed at E21 in that p27
Kip1 -negative cells still reside in the middle tier of the retina. However, the numbers of cells positive for p27
Kip1 is greatly increased in the forming outer nuclear layer (ONL), consistent with the peak of histogenesis of the most abundant retinal cell class, the rod photoreceptor. By P5 (Fig. 2B) , there is a dramatic shift in p27 Kip1 expression caused by a downregulation of p27
Kip1 in the ganglion cells, amacrine cells, and photoreceptors and an upregulation in the cells occupying the middle tier of the INL. These new p27
Kip1 -positive cells coincide spatially and temporally with the last cell classes to form in the rat retina, bipolar interneurons and the Mü ller glia. This expression pattern resolves to a narrow band of cells in the INL by P10 (Fig. 2C) and is maintained throughout adulthood (Fig. 2F) . Double labeling of P15 sections with antip27
Kip1 and a marker of Mü ller glia, anti-CRALBP, shows that p27
Kip1 is exclusively expressed in the Mü ller glia (Fig.  2D) . In contrast, bipolar interneurons (anti-Chx10 positive) do not express p27
Kip1 by P15 (Fig. 2E) , and similar results were obtained in the adult retina (data not shown). Taken together, these results demonstrate that most if not all differentiating retinal cells express p27
Kip1 during histogenesis, but that expression is transient in all cell classes except the Mü ller glia, which express p27
Kip1 through adulthood. As a demonstration of anti-p27
Kip1 specificity, P15 retinal sections from a p27
Kip1 -hemizygous mouse (Fig. 2G ) and a p27
Kip1 -deficient mouse (Fig. 2H) were reacted with anti-p27 Kip1 . Identical to that observed in the rat, p27
Kip1 immunoreactive cells were confined to the middle tier of the INL, and this expression is absent in the p27 Kip1 -deficient retina. Residual staining in Fig. 2H is due to secondary antibody cross-reactivity to endothelial cells and is not specific for p27 Kip1 .
p27 Kip1 Is Upregulated in Retinal Progenitors as They Exit the Cell Cycle
The above immunohistochemical studies show that p27
Kip1 is expressed in a pattern that is coincident with the time course of histogenesis of retinal neurons and glia. To determine whether p27
Kip1 expression correlates with cell cycle withdrawal and differentiation of progenitors in response to extracellular factors, we examined p27
Kip1 expression in vitro in the presence or absence of the mitogen EGF. EGF (10 ng/ml) was added to dissociated cells from E21 rat retina grown at high density (see Materials and Methods) on Matri-Gel. After 2 DIV, EGF was removed from one set of cultures, whereas fresh EGF was added to a matched set of cultures. Cultures under both conditions were grown for an additional 24 h and subsequently fixed for immunohistochemistry. To determine whether EGF removal was sufficient to inhibit proliferation in a population of E21 retinal progenitors, cell populations expressing the following markers of proliferation were quantified: phosphohistone H3, cyclin D1, and BrdU. We observed a fivefold reduction in the number of phosphohistone H3-positive cells in the EGF-deprived cultures compared to cultures with continuous EGF exposure (Table 1; Figs. 3A and 3B) . Consistent with the drop in phosphohistone H3-positive cells, the percentage of the total cells expressing cyclin D1 decreased after EGF removal (Table 1) . Finally, cultures were pulsed with BrdU for the last 2 h (22-24 h at 3 DIV), and similar to phosphohistone H3 and cyclin D1, the percentage of BrdUpositive cells decreased in EGF-deprived cultures compared to the cultures with continuous EGF exposure (Table 1 ). These results demonstrate that mitogen withdrawal is sufficient to initiate cell cycle withdrawal in a population of E21 retinal progenitors.
To determine whether p27 Kip1 expression also increases during the cell cycle withdrawal that occurs as a consequence of EGF removal, p27
Kip1 expression was analyzed in these cultures. There was a significant increase in the population of p27
Kip1 -immunoreactive cells following EGF removal ( (Anchan et al., 1991; Lillien and Cepko, 1992) , but also inhibits photoreceptor differentiation while promoting other retinal fates, such as amacrine cells and Mü ller glia (Anchan and Reh, 1995; Lillien and Wancio, 1998; Reh, 1992) . To determine whether the progenitors that stopped proliferating in response to EGF removal underwent differentiation, cultures were analyzed for antigens expressed in photoreceptors (recoverin), neurons (Hu1 and class III ␤-tubulin (Tuj1)), and glia (GFAP and CRALBP). Consistent with earlier reports, we found a specific increase in photoreceptors following EGF removal compared to cultures with continuous EGF treatment ( Table 2; Figs. 3E and 3F). We also found that all recoverinpositive photoreceptors also expressed p27 Kip1 (Fig. 3G ), demonstrating that p27
Kip1 expression is abundant in cells that are induced to differentiate in response to changes in their surrounding environment.
Overexpression of p27 Kip1 in EGF-Stimulated Retinal Progenitors Inhibits Proliferation
The p27
Kip1 expression pattern in the developing retina suggests that p27
Kip1 may be an intrinsic factor that retinal progenitors use to withdraw from the cell cycle at the onset of differentiation. Consistent with this, when EGFstimulated progenitors are deprived of mitogen, the population of p27
Kip1 -expressing cells increases in parallel with cell cycle withdrawal and photoreceptor differentiation.
To determine if p27 Kip1 is sufficient to inhibit proliferation in multipotent progenitors, we used transfection to force overexpression of p27
Kip1 in retinal cells. We recently demonstrated that particle-mediated gene transfer, or biolistics, is an effective transfection technique in embryonic retinal explant cultures (Chow et al., 1998) . Here, we adapted the technique for primary cultures of dissociated retinal cells. The advantages to this approach are similar to those of the mitogen-deprivation experiments described above, in that the extracellular environment is easily manipulated, and the effects on specific cellular antigens and processes can be quantified. Figure 4A is an example of a culture 6 h after transfection with a construct containing the GFP cDNA under the control of the ieCMV promoter (pGFP zeo ). As shown, large numbers of cells were transfected, and expression of transfected genes was rapid and robust; expression was observed as early as 90 min posttransfection. In addition, cotransfection via biolistics is highly efficient (Arnold et al., 1994; Chow et al., 1998) . The GFP-expressing cell in Fig. 4C1 was cotransfected with pGFP zeo and a construct containing p27
Kip1 under the control of the ieCMV promoter (pCS2 ϩ Kip1). The same field was immunostained for p27 Kip1 (Fig. 4C2) , and the brightest p27
Kip1 -positive nucleus (arrow) is the cotransfected cell (Fig. 4C3) . By comparison, cells transfected with pGFP zeo alone (Fig. 4D1 ) also expressed endogenous p27 Kip1 (Fig. 4D2,  arrows) , but did not express it at levels observed in the cotransfected cells (Fig. 4D3) . Expression of pCS2 ϩ Kip1-derived p27
Kip1 protein was confirmed using the 9E10 antibody to recognize the Myc-epitope tag fused to the p27 Kip1 cDNA sequence in pCS2 ϩ (data not shown).
To test whether p27
Kip1 is sufficient to inhibit proliferation, dissociated E21 retinal cells were plated at high density and grown for 2 DIV in 10 ng/ml EGF. Cultures were transfected and placed into fresh medium containing 10 ng/ml EGF and 30 M BrdU and grown for an additional 6 or 24 h. Transfected cells were identified by GFP fluorescence and then analyzed for BrdU immunoreactivity (Figs.  4E-4G ). The results of this experiment are summarized in the graph in Fig. 5 . At 24 h posttransfection, the percentage of transfected cells that were BrdU positive was significantly less in cultures overexpressing p27
Kip1 compared to cultures expressing GFP alone (*P Ͻ 0.002). The decrease in BrdU-positive cells in the cultures overexpressing p27
Kip1 was apparent by 6 h, but was not significant compared to the cells expressing GFP alone at the same time point. It is not likely that p27
Kip1 overexpression caused a decrease in the BrdU-positive population by selective cell death of progenitor cells. The percentage of BrdU-positive cells in the p27 Kip1 -transfected cultures at 24 h did not drop below the percentage at 6 h (white bars). Second, the transfection method itself does not interfere with proliferation since the percentage of BrdU-positive cells in cultures expressing GFP alone increased at 24 h compared to 6 h (black bars). These results suggest that forced expression of p27
Kip1 is 
FIG. 3. Cells induce p27
Kip1 protein expression as they withdraw from the cell cycle and differentiate into photoreceptors in vitro. High-density cultures of dissociated retinal cells from E21 embryos were maintained for 3 DIV. Cultures depicted in A, C, and E were grown in EGF during the entire culture period, whereas cultures in B, D, F, and G were deprived of EGF for the last 24 h. (A and B) Fewer cells expressed the G2-and M-phase marker phosphohistone H3 in cultures deprived of EGF (B) compared to cultures exposed to EGF for the entire culture period (A). (C and D) In contrast, the numbers of p27
Kip1 -positive cells increased in EGF-deprived cultures. All cell nuclei are stained with DAPI (blue), and p27
Kip1 -positive cells are pink (red plus blue). (E and F) Similar to p27 Kip1 , the numbers of cells differentiating into recoverin-positive photoreceptors increased in EGF-deprived cultures. (G) All of the recoverin-positive cells observed in culture also expressed p27
Kip1 (p27 Kip1 in red, recoverin in green, p27 Kip1 and recoverin colocalized in yellow-orange (red plus green)). Scale bars, 50 m. Equivalent magnifications, A and B; C-F; G .  FIG. 4 . Transfection of dissociated embryonic retinal cells by particle-mediated gene transfer. Dissociated E21 retinal cells grown in vitro were transfected with a construct containing GFP driven by the ieCMV promoter (pGFP zeo ) in A, D1-D3, and E or cotransfected with pGFP zeo and a construct containing p27
Kip1 driven by the ieCMV promoter (pCS2 ϩ Kip1) in C1-C3, F, and G. All transfected cultures were grown for 2 DIV before transfection and were continuously exposed to EGF throughout the entire culture period. 
The Normal Period of Histogenesis Is Extended in Retinas Lacking p27
Kip1
Our analysis of p27
Kip1 expression and overexpression indicates that this protein has a function in the process of cell cycle withdrawal in retinal progenitors. To directly address whether p27
Kip1 is required for cell cycle withdrawal, we analyzed the retinas of mice lacking the p27 Kip1 gene. The progeny of p27
Kip1 hemizygous mice were injected with BrdU from P7 to P10 and the retinas were processed for immunohistochemistry at P11. In wild-type mice, proliferation in the central retina is complete by P6 (Young, 1985b) . Consistent with this, we did not detect BrdU-or PCNAimmunoreactive retinal cells in the central retina of wildtype or p27
Kip1 -hemizygous retinas (Figs. 6A and 6C). However, in p27
Kip1 -deficient mice, many BrdU-positive cells were observed in the INL and the ONL of the central retina (Fig. 6B ). To determine more precisely when proliferation is finished in the p27
Kip1 -deficient retina, the expression patterns of PCNA and phosphohistone H3 were analyzed at P11, P21, and 4 months of age. Positive cells for both markers were found in the central retina at P11 (Figs. 6D and 6E), but not at P21 or in the adult. These results show that p27
Kip1 is required for the precise timing of cell cycle withdrawal at the end of histogenesis, but this requirement is transient since proliferation ceases by P21, even in the absence of p27
Kip1 . Retroviral-mediated clonal analysis revealed that the multipotency of rodent retinal progenitor cells is retained late in histogenesis; clones are typically composed of both neurons and glia (Turner and Cepko, 1987) . To determine whether the progenitor cells that continued to proliferate past the normal period in p27
Kip1 -deficient retinas retained the potential to give rise to both photoreceptors and Mü ller glia, BrdU-positive cells labeled between P7 and P10 were analyzed for proteins specific to these cell types. At P11, a subset of BrdU-labeled cells in the ONL were positive for recoverin (Fig. 7) , indicating that photoreceptor differentiation occurred in some of the late-generated cells. At P21, two markers of glial cells were analyzed, CRALBP and GFAP. The distribution of CRALBP-positive Mü ller glia cell bodies was disorganized and similar to the pattern of BrdU-positive nuclei in the INL. Surprisingly, a significant subset of Mü ller glia was also positive for GFAP (Figs. 8A1-8A3), which is normally expressed in these cells in response to stress or injury (Humphrey et al., 1997 and references therein) . The GFAP-positive Mü ller glia were also BrdU positive (Figs. 8B1-8B3) . 
FIG. 5. p27
Kip1 overexpression is sufficient to inhibit proliferation in EGF-stimulated retinal progenitor cells in vitro. Dissociated E21 retinal cells were grown in 10 ng/ml EGF for approximately 2 DIV before transfection. Immediately following transfection, cells were placed into fresh medium containing 10 ng/ml EGF and 30 M BrdU. Cultures were grown for an additional 6 or 24 h, fixed, and stained for GFP and BrdU. Cells that were GFP positive were scored for BrdU immunoreactivity. At 6 h posttransfection, there was not a significant difference in the percentage of transfected cells that were BrdU positive in cultures transfected with pGFP zeo alone compared to cultures cotransfected with pGFP zeo and pCS2 ϩ Kip1, although there was a trend toward fewer BrdU-positive cells in the cotransfected cultures. By 24 h posttransfection, there were fewer BrdU-positive cells in the cotransfected cultures compared to cultures transfected with pGFP zeo alone (*P value Ͻ 0.002).
In 4-month-old p27
Kip1 -deficient mice, Mü ller glia still expressed GFAP. We also observed several glial aggregates in the ONL and outer segment layer of the photoreceptors.
An example is shown in Fig. 9 . Intense GFAP staining was found in the outer segment layer with filaments extending through the thickness of the retina (Fig. 9A) . In the same region of GFAP staining, the photoreceptor outer segment layer was disrupted as evidenced by the lack of recoverin staining (arrow in Fig. 9B ). Figure 9C demonstrates that the GFAP-positive Mü ller glia fill the void of recoverin staining. This disruption appears to be due to the active migration of Mü ller glia nuclei from the INL to the outer edge of the retina (Fig. 9D) . Since BrdU or PCNA immunoreactivities were not observed in these cells, it is not clear whether this glial pathology is due to proliferation or aggregation of preexisting glia from the INL.
To address whether p27 Kip1 affects the balance of the retinal cell classes produced during histogenesis, we analyzed P15 retinas from the progeny of p27
Kip1 -hemizygous parents. Interestingly, we found no change in the ratios of Mü ller glia, Tuj1-positive neurons, or recoverin-positive photoreceptors in p27
Kip1 -deficient retinas compared to p27
Kip1 -hemizygous retinas (Fig. 10A ). Similar results were obtained when the numbers of Mü ller glia, Chx10-positive bipolar interneurons, or Brn3.0-positive retinal ganglion cells were analyzed in sections (Fig. 10B ).
DISCUSSION
In this report, we show that p27
Kip1 is an essential component of cell cycle withdrawal during retinal histogenesis. The developmental expression pattern of p27
Kip1 corresponds closely to the generation of several retinal classes. In vitro, p27
Kip1 expression is upregulated as cells undergo cell cycle arrest and begin terminal differentiation in response to environmental factors. The overexpression of p27
Kip1 in progenitor cells is sufficient to block proliferation, even in the presence of a mitogen. In p27
Kip1 -knockout mice, the period of retinal histogenesis is extended for several days, and the progenitor cells continue to generate neurons and glia. In addition to the function of p27 Kip1 in cell cycle withdrawal, we have also found that mature Mü ller glia have a unique requirement for maintained p27
Kip1 expression; in the absence of p27
Kip1 , these cells become reactive and form small aggregates. Thus, p27
Kip1 satisfies several criteria for being an important factor for regulating cell cycle control in multipotent retinal progenitors.
p27
Kip1 Protein Expression in the Retina
We found that p27 Kip1 is expressed in the rodent retina during development and in the adult. At the onset of retinal histogenesis, p27
Kip1 is abundantly expressed in a patch of cells in the central retina and their location is consistent with the generation of the first postmitotic ganglion cells. As development proceeds, the central-to-peripheral expansion of p27
Kip1 expression in the inner retina is coincident with the ganglion cell genesis and the formation of the RGC layer. Similarly, the temporal pattern of p27
Kip1 expression Kip1 in Mammalian Retina at other laminar positions of the retina and its coexpression with cell-type-specific markers demonstrate that p27 Kip1 is expressed in newly postmitotic and differentiating ganglion cells, amacrine cells, photoreceptors, and Mü ller glia. p27
Kip1 expression is transient in all neuronal cell types; however, expression is maintained in mature Mü ller glia. The pattern of p27
Kip1 expression in the retina is analogous to that reported for the organ of Corti (Chen and Segil, 1999; Lowenheim et al., 1999) . In the organ of Corti, p27 Kip1 expression is transient in differentiating hair cells and persistent in the support cells, a cell class analogous to the Mü ller glia in the retina. The related CDK-inhibitor proteins in Caenorhabditis elegans and Drosophila, cki-1 and dacapo, respectively, are expressed in a fashion similar to that of p27 Kip1 in several cell lineages during embryogenesis (de Nooij et al., 1996; Hong et al., 1998; Lane et al., 1996) . Thus, CDK-inhibitor protein expression at the onset of cellular differentiation is conserved.
The p27 Kip1 expression that we observed in mature Mü ller glia does not agree with the findings of Nakayama and colleagues (1996) . They reported that p27
Kip1 is expressed in mature photoreceptors in the adult mouse retina. We did not find any p27
Kip1 immunoreactivity in these cells in the adult mouse or rat retina. This discrepancy could be due to differences in tissue fixation methods, which may lead to variations in the accessibility of antigen to the antibody. We believe that the p27
Kip1 immunoreactivity we observed is specific for p27
Kip1 protein and that the expression in mature Mü ller glia is correct for the following reasons. First, p27
Kip1 immunoreactivity is localized to the nuclei in Mü ller glia; this nuclear localization is consistent with the staining patterns we observed in other retinal cells and with other reports (Lowenheim et al., 1999) . Second, we did not observe p27
Kip1 immunoreactivity in the Mü ller glia from p27 Kip1 -deficient mice. Third, the p27 Kip1 mRNA pattern in the E15.5 mouse lens (Zhang et al., 1998) was consistent with the staining pattern we observed for p27
Kip1 protein expression in the rat lens at a similar stage of development (Fig. 1C) Retinal cell ablation experiments in fish and frogs demonstrated that the microenvironment is a critical factor for proper histogenesis (see Reh, 1987) . This was further substantiated by heterochronic culture experiments, and since then, significant progress has been made, primarily through in vitro approaches, on the identification of extracellular molecules that influence retinal progenitor proliferation and differentiation (reviewed in Reh and Levine, 1998) . For this study, we took advantage of the mitogenic property of EGF on late embryonic retinal progenitors grown in a dissociated cell culture system (Anchan et al., 1991; Lillien and Cepko, 1992) . In primary retinal cultures stimulated with EGF, acute withdrawal of EGF led to decreased proliferation of progenitors and increased differentiation of photoreceptors. The increase in cells expressing p27 Kip1 and its colocalization to recoverin-positive cells suggest that p27
Kip1 may mediate cell cycle arrest during the onset of differentiation in photoreceptors. Forced overexpression of p27 Kip1 in retinal progenitors, cultured in the presence of EGF, was sufficient to block proliferation, demonstrating that progenitor cells are responsive to the levels of p27 Kip1 protein. Consistent with this finding, targeted overexpression of dacapo in the Drosophila eye is sufficient to cause a roughened phenotype caused by premature depletion of progenitor cells (de Nooij et al., 1996) , and overexpression in the embryonic epidermis caused early G1 arrest (Lane et al., 1996) . In C. elegans, cki-1 overexpression is sufficient to cause premature cell cycle withdrawal in embryos (Hong et al., 1998) .
One caveat to the interpretation that p27 Kip1 overexpression is sufficient to inhibit proliferation in retinal progenitors is that BrdU was incorporated into a fraction of pro-genitor cells transfected with the p27 Kip1 construct (Figs. 4F, 4G, and 5) . Similarly, overexpression of a p27
Kip1 -related molecule, p27
Xic1 , in Xenopus retinal progenitors was also sufficient to block proliferation, but not completely (Ohnuma et al., 1999) . One possibility is that BrdU was incorporated into the progenitor cells before sufficient levels of p27
Kip1 or p27 Xic1 accumulated in these cells. A second, but not mutually exclusive, possibility is that p27
Kip1 and 
p27
Xic1 may not block proliferation in a subset of retinal progenitors due to intrinsic differences among progenitor cells.
Loss of p27 Kip1 Interferes with the Timing of Cell Cycle Withdrawal in Late Stage Progenitors
We observed that the period of histogenesis was extended in p27
Kip1 -deficient retinas. Proliferating retinal progenitors were present after histogenesis had ceased in the wild-type and hemizygous retinas. Proliferation was extended transiently since proliferating progenitors were not detectable by P21. This suggests that the requirement for p27
Kip1 may be to determine the precise timing of cell cycle withdrawal in CNS progenitors. Several observations of p27
Kip1 function in the CNS and associated tissues support this possibility. At birth, brain mass in p27 Kip1 -deficient mice was similar to that in hemizygous and wild-type littermates. In the weeks following birth, p27
Kip1 -deficient brains increased approximately 20% in mass compared to those of wild-type littermates, with upward of 30% increases in cell number in the cerebral cortex, hippocampus, and habenular nucleus (Fero et al., 1996) . O2-A progenitors from p27
Kip1 -deficient optic nerves underwent one to two extra rounds of division before terminal cell cycle withdrawal Durand et al., 1998) , and histogenesis was disrupted by delayed termination of proliferation in the organ of Corti (Chen and Segil, 1999; Lowenheim et al., 1999) . In fact, this may reflect a conserved requirement of p27
Kip1 -like activity in animals that express the functional equivalent of p27 Kip1 during development. In Drosophila, dacapo mutants failed to arrest epidermal cells at the appropriate time, leading to one or two extra rounds of division (de Nooij et al., 1996; Lane et al., 1996) . Similarly, inactivation of cki-1 by RNA interference in C. elegans produced ectopic cell divisions in several lineages, but did not result in unregulated growth (Hong et al., 1998) . We do not know if the absolute numbers of retinal cells are increased in the p27
Kip1 -deficient retina. However, our observations would suggest that a dramatic increase in absolute cell number is not likely. Interestingly, this is in contrast to that observed in overexpression experiments of the homeobox gene XOptx2 in Xenopus (Zuber et al., 1999) which produced a specific and dramatic expansion in retinal cell number.
As stated in the previous sections, p27 Kip1 is expressed in differentiating retinal cells during embryonic and postnatal histogenesis. Furthermore, p27 Kip1 is sufficient to block proliferation in late embryonic progenitors, and expression in vitro is correlated with cell cycle withdrawal and differentiation. However, the majority of histogenesis was not severely disrupted in p27
Kip1 -deficient retinas. This suggests that p27
Kip1 is not required for cell cycle control during most of histogenesis. Several explanations could account for this. First, other CDK-inhibitor proteins could compensate for the lack of p27
Kip1 . Compensatory mechanisms of CDKinhibitor proteins have already been reported in lens, lung, and muscle development (Zhang et al., 1998 (Zhang et al., , 1999 and for the regulation of cyclin D1-mediated CDK 4 activity in mouse embryonic fibroblasts (Cheng et al., 1999) . Second, antimitogenic signals might mediate cell cycle withdrawal by downregulating cyclin D1 expression. Alternatively, decreased exposure to mitogens could downregulate cyclin D1. Consistent with this, we found that cyclin D1 expression decreased concomitantly with the decrease in proliferation that was promoted by decreased concentrations of EGF in vitro. Thus, the balance of mitogenic factors versus differentiation factors may combine to downregulate cyclin D1, thereby promoting cell cycle withdrawal at the onset of differentiation in the retinal progenitors of p27 Kip1 -deficient mice. It is also possible that the G1 CDKs or Rb family proteins are regulated independent of interactions with cyclins or CDK-inhibitor proteins, and a novel mechanism of p130-mediated CDK regulation has recently been described in p21 waf1/cip1 /p27 Kip1 -deficient mouse embryonic fibroblasts (Coats et al., 1999) .
It is well established that vertebrate retinal progenitors are multipotent (Holt et al., 1988; Turner and Cepko, 1987; Turner et al., 1990; Wetts and Fraser, 1988) , and this property is maintained late in histogenesis (Turner and Cepko, 1987) . We show that the progeny of persistent progenitor cells in the p27
Kip1 -deficient retina express mark- ers of photoreceptors and Mü ller glia. Therefore, it is likely that the persistent progenitors in p27 Kip1 -deficient retinas are multipotent and that p27
Kip1 is not required for cell fate specification or for the onset of differentiation, but rather to regulate the numbers of progenitors that generate these cell types. Since we did not observe a change in the ratios or distributions of the retinal cell types, it is possible that only a very small number of progenitor cells require p27 Kip1 , as proposed above, or that each cell class is affected equally. Taken together, our results suggest that p27
Kip1 function is not necessary for the precise ratios of cell classes generated during histogenesis. This is in marked contrast to the observations of Ohnuma and colleagues (1999) based on p27
Xic1 overexpression and antisense experiments in Xenopus. With respect to the overexpression experiments, they found that p27
Xic1 overexpression promoted the cell fate of Mü ller glia. It is possible that p27
Kip1 overexpression in rat retinal cells also promoted the Mü ller glia fate; however, more than 24 h may have been necessary to allow p27
Kip1 -overexpressing progenitors to adopt a Mü ller glial morphology. Second, since the level of p27
Xic1 expression was proposed to be a critical determinant of its ability to promote the Mü ller glial fate, it is possible that in our experiments, the level of p27
Kip1 overexpression was not sufficient either in quantity or time to have this effect. An intriguing difference between the two studies is the effects of p27
Kip1 and p27 Xic1 deficiencies on the cell type ratios in the mouse and Xenopus retinas, respectively. Whereas we found no difference in the ratios of retinal cell types in the p27
Kip1 -knockout mouse, Ohnuma and colleagues observed a significant decrease in the percentages of ganglion cells and Mü ller glia in the Xenopus retina forced to express an antisense construct of p27 Xic1 . One possible explanation for the different findings between the two studies is based on our observation that a proportion of the Mü ller glia in p27
Kip1 -knockout had unusual morphology and did not reside in their normal location. Since the percentage of Mü ller glia was determined by morphology and position in the Xenopus antisense experiments, it is possible that the normal complement of Mü ller glia was generated, but some cells were not counted due to their aberrant morphology and location. A second possibility is that there may be fundamental differences in some of the molecular mechanisms that regulate cell number and fate in species which undergo a rapid versus a protracted developmental period (frogs and fish versus mammals). Further identification and functional analysis of the molecules that regulate these processes are clearly necessary to address this issue.
We found that p27 Kip1 has an important function in the Mü ller glia phenotype. As early as P15, p27
Kip1 -deficient Mü ller glia expressed GFAP, typically present only in reactive Mü ller glia (Humphrey et al., 1997) . Reactive glia are associated with many pathological conditions that lead to glial hypertrophy and hyperproliferation and neuronal degeneration (reviewed in Malhotra et al., 1990; Ridet et al., 1997) . Although we cannot rule out that the extracellular environment is not perturbed in the p27
Kip1 -deficient retina, the observation that p27 Kip1 expression is maintained in adult wild-type and p27
Kip1 -hemizygous Mü ller glia suggests that p27
Kip1 has a function in the inhibition of the reactive phenotype. Nakayama and colleagues (1996) proposed that the retinal dysplasia they observed was due to excess photoreceptor production and that p27
Kip1 had an intrinsic function in these cells. Our findings agree with their suggestion that supernumerary photoreceptors are produced. However, the data we present on the p27
Kip1 expression pattern in the adult, as well as the immunohistochemical analysis of the dysplasia, suggest that the Mü ller glia are primarily affected and that disruption of the outer segment layer and the abnormal ERG may be due to glial migration into the outer segment layer and disruption of the external limiting membrane.
It is interesting to note that perturbations in p27 Kip1 and cyclin D1 can have serious consequences on the mature retina that may be independent of histogenesis. Lack of p27
Kip1 predisposes Mü ller glia to a reactive state (this paper), and cyclin D1 deficiency causes a unique form of photoreceptor degeneration (Ma et al., 1998) . Furthermore, T antigen expression driven by the rhodopsin promoter in rods also causes severe photoreceptor degeneration (alUbaidi et al., 1992) , possibly by interfering with Rb activity. While these effects may reflect differentiation requirements for these proteins, these models could provide new strategies for understanding the pathologies that arise from inherited retinal diseases.
